(1) M(t) = JIp (x,y,t) 
(1)
M(t) = JIp (x,y,t) dx dy
The instantaneous mass flow rate in the conveying line at the location of the cross section is therefore:
In summary, the instantaneous mass flow rate of solids in a pipeline, for example, is obtained by multiplying the solids' density at a particular position by the velocity along the pipe at the same position and integrating across the entire pipe cross-section. Although tomographic techniques can approach an implementation ofthis method through the 111ap-upper limit to the mass flow measurement range is, in theory, determined by the weight capacity of the load receiving vessel and the minimum resolvable time interval. The lower limit to the mass flow measurement will be the resolution of the weighing system divided by the time it takes to accumulate the resolvable weight. It is important to note, however, that fluctuations in flow rate within a time where the resolvable weight is not accumulated will not be observed.
There are applications where either: (i) there is no suitable receiving or discharge vessel able to be mounted on load cells; (ii) the conveying pipeline is extremely long; or (iii) as tends to be the case in the feeding of boilers with pulverised coal, multiple pipelines are used. In these cases an alternative (in-line) method is required and such techniques have been the subject of review articlesJ,2,3,4.5
In-line Measurement of Mass Flow Rate

Concepts and Definitions
The instantaneous mass flow rate can be defined at any location along a conveying line in a similar way to the end of the line. In this case the mass flow rate is the total mass of product which passes through a perpendicular cross-section of the line in a time interval .1t divided by .1t, where .1t is small.
Consider a small element of mass passing a cross section of the conveying line at a velocity vz (see Figure 1) .
The mass of the element is p dx dy dz, where p is the density (kg/m 3 ). The time taken for the mass element to traverse the cross-section is dz/ v z . The mass flow rate of this element is therefore: Figure 1 The instantaneous mass flow rate (M) at the end/start ofa conveying line is equal to the mass arriving/leaving in a time interval (.1t) divided by .1t, where the time interval .1(t) is small.
M -dM -dt
In this case the mass flow measurement may simply be derived from a determination of a weight change combined with a separate time measurement.
The flexibility, performance and range of loss/gain in weight systems mean that they should always be considered. In estimating the performance, interpretation of the specification should take account of the fact that in these applications it is the rate of change in weight that is required. lllis means that unwanted influences which cause a d.c. shift in the calibration curve, for example, may not be as damaging as they would be in a 'long-term' detennination of product weight.
An additional factor in estimating the performance of systems that measure the gain in weight of the load receiving element while material is being added is the extra force due to the downward impact of falling material. Again because it is the rate of change in weight that is important, a constant force would not be a problem; however, changes in the impact conditions will introduce some uncertainty. One assumption often made (whether knowingly or not) is that all mass elements over the plane of integration are moving at the same velocity Vz,all . In this case Equation I simplifies to:
where #(t) = Hp( X,y,t) dx dy, and is termed the linear denSIty.
The above equations are based on a cross-sectional plane. However an in-line measurement utilises a measurement volume. For example, a belt weigher (Figure 2 ) determines the mass over the weigh length of the belt and a capacitance system ( Figure 3 ) similarly over the length of the plates. This produces an average linear density over the measurement length.
Open System Techniques
The principle of the belt weigher is contained in equation 2. A section of the belt is weighed by mounting one or more of the idlers on a weighframe. The linear density is determined by dividing the weight recorded by the weighframe by the weigh-length. The velocity of the belt is measured and the assumption made that all product moves at the speed of the belt.
The performance of belt weighers is such that they may be used in applications which are 'legal for trade', with OIML class 0.5 devices, for example, having maximum permissible in-service error of 0.5%7.
Although errors are introduced by factors such as variable belt tension, variable bell thickness and variable idler heightS, the uncertainty in the measurement of belt speed by the build-up of material on an idler wheel, which is used to measure belt speed, is perhaps the most common source of error.
As previously mentioned, the assumption is made that the material being weighed is all moving at the same speed as the belt. This is a reasonable assumption in cases where the belt is horizontal and the weighframe is not near a feeding point for the belt.
The impact plate represents a second group of open systems. The principle of these instruments is broadly to measure the impulse introduced when a particle is forced to change direction on striking an impact plate. As the output signal depends on a momentum change, if the arrival and departure angles are constant, the signal is proportional to mass flow (momentum change = mass x velocity change). In principle, therefore, such devices should be 22 Measurement+Control VDI3611 Febru"rv 200:1 able to account for different particles moving at different speeds. However, uncertainties in the measurement are introduced because the interaction between individual particles impacting the plate and on other particles moving along the plate is not constant. Some systems control the uncertainty in the impact and departure dynamics by collecting the particles smoothly and guiding them round a curve. Measurement accuracies of 0.25% with a turndown ratio of 20: I have been quoted for such systems [9] .
Closed System Techniques In the case of enclosed in-line systems, many approaches for determining the mass flow of material are adopted.
The instantaneous mass flow rate of solids is obtained by multiplying the solids' density at a particular position by the velocity at the same position and integrating across the entire cross-section. It has already been stated that tomographic techniques can approach an implementation of this method by mapping density and velocity in the pipe [6] . However, most infer the mass of product within the sampling volume and combine this with a single measure of velocity.
The use of downstream heat transfer for mass flow measurement does directly relate to the mass flow rate, as the heat transfer mechanism relies on the mass and velocity of each individual particle. However, the technique does rely on the injection of heat uniformly to all sections of the pipe and on a uniform sensing throughout the pipe cross section. The requirements for a uniform excitation and sensing field are not peculiar to this application however. These two measurements are considered separately in the following sections.
Velocity
In all but the tomographic techniques a single value of velocity is obtained. It has already been stressed that the determination of mass flow would involve establishing the velocity of each element and combining it with the mass of that element. The single value of the velocity should therefore be one that is mass-weighted. The mass-weighted velocity is defined as follows:
Hp (x,y,t) vz (x,y,t) dx dy vmwCt) = . If .p (x,y,t)dx dy
The most common method of measuring solids' velocity is to cross-correlate signals from two detectors separated by a known distance, and to use the time delay of maximum correlation to infer a velocity.
The velocity measured is the velocity of the effect causing the fluctuations and this will not be 'mass weighted'. This is illustrated by considering the case where solids are being conveyed in a horizontal pipeline, where there is a bed of stationary solids on the base. The velocity measurement will, at best, determine the velocity of the moving material, and will take no account of the stationary material residing at the bottom of the pipe. One way round this is to position the velocity sensors in a downward vertical section of the pipeline.
The signals for cross-correlation are generated by a variety of means and techniques that have been reported include!;
• Fluctuations in capacitance caused by a change in overall dielectric constant as the volumetric concentratiori of solids having a dielectric constant different to that of the gas changes. " • Fluctuations in the absorption/scattenng of e.m. radIation, including y rays, x rays, I.A. waves, and, at low concentrations, light.
• Fluctuations in the electrostatic charge passing a detector -either passive or active.
• Fluctuation in the pressure -particularly useful in dense phase conveying.
• Fluctuations in acoustic signals.
The uncertainty in the time delay measurement, and therefore the uncertainty in velocity, will depend on the width of the peak in the cross-correlation function. This in turn will depend on: (i) the range of particle speeds coupled with the distance between the detectors; and (ii) the spatial (hence time) resolution of the detectors (measurement volume). In the case of capacitance sensors (Figure 3) , the spatial resolution will be approximately the length of the electrodes in the direction of flow wnereas in a radiation absorption technique, the width of the received beam will be the determining factor. The spatial resolution of pressure and acoustic signals is much longer as the acoustic transmission properties of the gas and (in the case of acoustic techniques) the pipe are the determining factors.
The limitation on spatial resolution can itself be used to measure the velocity because the averaging within the measurement volume imposes a low-pass filtering effect on the fluctuation signa [10. If the fluctuations in concentration are random (thus containing a wide range of frequencies), the bandwidth of the sensor .sy~tem can be measured by autocorrelation and, as this IS related to velocity and spatial resolution, the velocity can be determined.
Another technique for measuring velocity is the use of the Doppler effect -both of ultrasonic and electromagnetic radiation. In these applications there is a balance between obtaining a reflection from the particles and penetration into the particle stream. Due to the. short wavelengths associated with Laser Doppler techniques, the velocity measurement is localised, however the penetration in all but low-density applications is limited.
Some techniques, such as ultrasonic ll and acoustic l2 time of flight methods, measure the speed of the gas rather than the solids. In these cases a correction factor must be included to account for the difference in velocity between the solid and gaseous phases.
feature +
Concentration
The intention of this measurement is to determine the instantaneous linear density at a particular location. In-line techniques rely on an interaction between the solids and an excitation field. In all cases that involve the interaction with a field, in order to obtain an ideal measurement the interaction should have the following attributes!:
• The extent of the interaction should be proportional to the density of the product in the pipe.
• The field should be homogenous throughout the entire cross-section of the pipe in the sampling length.
• The interaction should be independent of all product parameters other than its mass density -such as particle size, chemical composition, etc.
• The measurement should not be influenced by interfering factors such as: moisture content, gas pressure, etc.
In some cases the interaction with the field will relate directly to the mass concentration of solids, such as the absorption ofy rays13 and the in-line measurement ofweight 14 . In the case of y rays, whilst the attenuation of the beam is proportional to the mass density of product, different products have different mass absorption coefficien~s. If the solid phase is made up of only one compound, thIS~ffect can be accommodated during calibration. However, If the transported material is a variable mixture of two ?r more components an uncertainty will be introduced tnto the measurement.
Other techniques measure the volumetric concentration of solids. Probably the most common example of this technique is the use of capacitance measurement [e.g. 15]. In this case, the volumetric concentration is established by measuring the capacitance and therefore the dielectric constant of the solids/gas mixture. The overall dielectric con~ta~t. wlll increase in proportion to the dielectric constant of mdlvldual particles multiplied by the volumetric concentrati.on. As in the case of y rays, the interaction with the field WIll depend on the chemical composition, as the dielectric constant will be different. However unlike the y ray interaction, the influence of water is significantly different to that of the solidsthe dielectric constant of water is 81 whereas for a typical solid it will be in the range 2 -4. This means that a varying moisture content can have a considerable influence on the uncertainty of the measurement.
With all volumetric techniques, the inferred linear mass density will depend on the mass density of the individual particles. This may be an additional factor in the n:easurement uncertainty if the solid phase contams particles of different mass density.
In all of the in-line measurements, a homogenous field within the pipe is required in principle. In the case of the direct in-line measurement of weight, such a requirement is met; however, in the other situations it has to be achieved either through careful design of the field or by averaging measurements from a variety of sampling directions.
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Measuremem+Control 23 Figure 4 illustrates an example where tbe concentration is determined by measuring the attenuation of radiation from a point source. The figure illustrates that the same mass density of product flowing in roping flow would result in two different outputs depending on the horizontal position of the material. A technique has been described 13 in which a compensator plate was used to correct for the effect of differing path lengths. However, there is no method of compensating for variations in the horizontal position of the product and the authors' investigations confirmed that such an effect was significant. It is apparent from the diagram that as the source is moved further away from the product, the sensitivity to variations in horizontal position will become less. Another method of combating the problem is to combine measurements from different directions either by rotating the source/ detector combination around the pipe or by using additional source/detector combinations.
The requirement for field uniformity is also present when capacitance is used as the sensing mechanism. This can be approached to some extent by the design of the capacitance plates and by the use of several plates around the pipe circumference and averaging/ 6 . The combination of concentration and velocity measurements to form a 'mass flow' instrument is implemented in a variety of ways. Some units employ the same sensing principle for both of these quantities. Examples include the use of capacitance change for volumetric concentration measurement and cross-correlation of the fluctuations in capacitance for velocity measurement 17 . There is, however, no need to use the same methods for velocity and concentration; for example one unit combines capacitance measurement to determine the solids' concentration and makes use of the triboelectric frictional electrification effect for the velocity determination/ 6 ,/8.
Conclusions
Mass flow measurement of material in transit is complicated by the fact that in some systems the material moves at different velocities within the pipeline. Furthermore, if the mass of material is sensed through an inferential technique, either the sensing field has to be uniform throughout the pipeline or variations in the field have to be accounted for. However, many systems do perform to an acceptable level, particularly in cases where the product moves with a uniform velocity.
